As an attempt to replacing petroleum-based chemicals with bio-based ones, synthesis of furfural from biomass-derived xylose attracts much attention in recent days. Conventionally, furfural from xylose has been produced via the utilization of highly corrosive, toxic, and environmentally unfriendly mineral acids such as sulfuric acid or hydrochloric acid. In this study, microwaveassisted biphasic reaction process in the presence of novel bio-based heterogeneous acid catalysts was developed for the eco-benign and effective synthesis of furfural from xylose. The microwave was irradiated for reaction acceleration and a biphasic system consisting of H2O : MIBK (1 : 2) was designed for continuous extraction of furfural into the organic phase in order to reduce the undesired side products formed by decomposition/condensation/oligomerization in the acidic aqueous phase. Moreover, sulfonated amorphous carbonaceous materials were prepared from wood powder, the most abundant lignocellulosic biomass. The prepared catalysts were characterized by FT-IR, XPS, BET, elemental analysis and they were used as bio-based heterogeneous acid catalysts for the dehydration of xylose into furfural more effectively. For further optimization, the effect of temperature, reaction time, water/organic solvent ratio, and substrate/catalyst ratio on the xylose conversion and furfural yield were investigated and 100% conversion of xylose and 74% yield of furfural was achieved within 5 h at 180 ℃. The bio-based heterogeneous acid catalysts could be used three times without any significant loss of activity. This greener protocol provides highly selective conversion of xylose to furfural as well as facile isolation of product and bio-based heterogeneous acid catalysts can alternate the environmentally-burdened mineral acids.
Introduction
During the last decade, the awareness of inevitable fossil depletion and climate change has been becoming one of the most important concerns for many nations. Fortunately, abundance in biomass sources is emerging to be a promising alternative to sustainable and green replacement for fuel and energy supply chain on a petroleum-dependent civilization [1] . Among them, the conversion of biomass-derived carbohydrates into valuable intermediates, so-called platforms, such as furfural and 5-hydroxymethylfurfural (5-HMF) has gained a great deal of attention from scientific communities as well as manufacturing industry.
These intermediates are usually formed by dehydration of corresponding C5 or C6 carbohydrate precursors under the catalytic environment. Furfural is considered to be particularly useful because of its various applications such as an excellent solvent for organic materials like resins and polymers or feedstock for making gasoline, diesel or jet fuel [2] . It can also be further transformed to many other chemicals of great interest such as furfuryl alcohol, furan, tetrahydrofuran (THF) and 5-HMF [3] .
Furfural is obtained from hemicellulose found in the most abundant lignocellulosic biomass via two-step pathways: (i) acidic hydrolysis of hemicellulose into D-xylose then (ii) dehydration of D-xylose into furfural. The dehydration of D-xylose can be achieved with either homogeneous catalysts such as inorganic mineral acids (H2SO4, HCl, H3PO4) [4] or heterogeneous systems like zeolite or heteropolyacids [2] . However, the task of developing an effective transformation of D-xylose to furfural remains quite challenging. For example, commercial process of making furfural from D-xylose using batch or continuous reactors with mineral acids yields only 45 to 50% of furfural together with humins, which are carbonaceous species, as major by-products [5] . In order to prevent the formation of humins, a solution has been suggested by adding an organic solvent to reaction media to selectively extract furfural from the aqueous phase into organic phase during the reaction. This strategy not only helps improve furfural yield by pushing the equilibrium to the right side but also minimize the number of side-products. Several organic solvents such as toluene, nitrotoluene, dichloromethane and MIBK were explored for this purpose [6] [7] [8] [9] . Molina et al. [10] reported that a hydrated niobium pentoxide (NBO, Nb2O5･H2O) catalyst in biphasic media (water/cyclopentyl methyl ether) could produce furfural in moderate yields (~50%) at 130 ℃ within 6 h. Stein et al. [11] also showed that FeCl3/NaCl in a biphasic system of H2O/2-methyltetrahydrofuran yielded over 70% of furfural at 140 ℃ under conventional heating. Stein et al also showed that
FeCl3/NaCl in a biphasic system of H2O/2-methyltetrahydrofuran yielded over 70% of furfural at 140 ℃ under conventional heating [11] . In recent years, the microwave assisted organic synthesis 
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Catalyst characterization
From FT-IR spectrum of a SAC material, the bands at 1,377 and 1,040 cm -1 were found and they were assigned as O = S = O and SO3 -stretching band, respectively (Figure 2(a) ) [15] .
From XPS, S 2p binding energy of 168 eV corresponding to SO3H groups was detected (Figure 2(b) ).
Unlike activated carbon, the surface area of the amorphous carbonaceous materials obtained by incomplete carbonization were very low. Actually, SAC-wp-H2SO4 treated by conc. H2SO4
showed surface area of less than 100 m 2 g -1 in BET analysis (~63
. On the other hand, the surface area of SAC-wp-ClSO3H was about 4 times higher than that of SAC-wp-H2SO4 (Table   1 ). It was understood that HSO3Cl treatment caused further carbonization to some extent and it could increase the crystallinity Clean and Efficient Synthesis of Furfural From Xylose by Microwave-Assisted Biphasic System using Bio-Based Heterogeneous Acid Catalysts 253 Figure 3 . Synthesis of furfural from D-xylose using bio-based heterogeneous acid catalysts in the microwave-assisted biphasic system. 
Process design
Synthesis of furfural from D-xylose using bio-based heterogeneous acid catalysts in the microwave-assisted biphasic system was designed as shown in Figure 3 .
In terms of mechanism, the dehydration of D-xylose involves the protonation of hydroxy groups on carbon atoms of pentose ring then three water molecules are eliminated to produce the corresponding furfural product. Therefore, acid catalysts are required to push the reaction and SAC materials were used as bio-based heterogeneous acid catalysts in our system. Microwave irradiation was also utilized for accelerating the reaction and compared with conventional heating. 
Effect of catalysts on the dehydration of D-xylose to furfural
To investigate the effect of catalysts on the dehydration reaction of D-xylose, SAC-wp-ClSO3H and some other heterogeneous acid catalysts were examined under both conventional heating and microwave-assisted method and the results were summarized in Table 2 . At first, the yields of furfural were not detected under conventional heating procedure regardless catalysts Table 1 ).
Effect of reaction parameters on the synthesis of furfural 3.4.1. Effect of reaction time
For the optimization, SAC-wp-ClSO3H was used as catalysts for the reaction under microwave condition at 180 ℃. Figure   5 illustrated the effect of reaction time on the conversion of D-Xylose and furfural yield. We found that the yield and conversion increased noticeably from 1 to 5 h indicating that there was a strong dependency between reaction time and the formation of furfural. Beyond the cited range, however, the yields of furfural dropped gradually even though the conversions were still as high as that of 5 h. This was probably due to the overreactions of furfural under prolonged reaction time to form several by-products by undesired isomerization and over-reactions such as decomposition, oligomerization, and condensation. Actually, arabinose by isomerization of D-xylose was found in the aqueous phase after 3 h and insoluble humins via oligomerization and condensation were observed on the reactor wall.
Effect of reaction temperature
To investigate the influence of reaction temperature on the reaction, a series of the experiment were carried out in the temperature range from 150 ℃ to 190 ℃ and the results were shown in Figure 6 . It was found that any temperature lower than 180 ℃ resulted in lower furfural yield and D-xylose conversion.
Furfural was obtained with the highest yield at the temperature of 180 ℃, up to 74% at an almost complete conversion of D- xylose. However, the temperature effect appeared to be negative at 190 ℃ or higher which resulted in the decrease of furfural yield, i.e. 44% at 190 ℃. The result was in good agreement with literature that the stability of furfural is relatively low at a higher temperature in which side-reactions became dominated to produce more by-products along with the formation of a large amount of black humins [18, 19] .
Effect of the solvent ratio
It has been emphasized that the use of MIBK as the second reaction phase can suppress the by-product formation by over- carbonaceous material [18] . The experiments showed that the optimized mixture was water-MIBK (1:2), v/v and this ratio was chosen for the synthesis of furfural from D-xylose. Figure 8 showed the influence of catalyst amount on the reaction with respect to furfural yield. To quantify the amount of catalyst to the substrate, R-value was defined as moles of xylose per moles of SO3H on the catalyst.
Effect of the substrate/catalyst ratio
The formation of furfural was just moderate with the low substrate/catalyst molar ratio (the high amount of catalyst). In the addition of catalyst at R = 5, 99.5% of xylose conversion and 49% of yield was observed at a reaction temperature of 180 ℃ for the reaction time of 5 h. When the amount of catalyst was decreased to 10 of R-value, furfural yield was remarkably increased to 74%, whereas the xylose conversion was still kept in over 95%. It indicated that the high amounts of the acid site could cause the decomposition of furfural [20] . However, both xylose conversion and furfural yields were decreased at the R-value more than 10. In particular, as the R-values were increased from 15 to 20, isomerization was favored rather than dehydration, resulting in the formation of undesired products such as arabinose, ribose, and lyxose were formed by isomerization (Table 3) .
Catalyst Reusability
After the reaction, the catalysts were filtered and washed with methanol and hot water. Then the catalysts were dried in the vacuum oven for about 24 h and used for the next reaction. The conversion and yield in each run are shown in Figure 9 . It was found that the furfural yield has slightly decreased from 74% in the first run to 64% in the third run. It was considered that humins formed during the reaction could decrease the activity of SAC-wp-ClSO3H catalyst. Insoluble humins can be accumulated on the surface of the catalyst, which may block active sites of catalyst and reduce the surface area. In fact, a slight gain of catalyst weight was observed after each run, which supported that humins were attached on the catalyst. The similar phenomenon was found in the previous report by Wu et al [2] . Moreover, water solvent used in this reaction can be another reason why the decreasing activity of catalysts because the heterogeneous acid catalysts are hardly able to maintain the desirable acidity in highly protic and polar solvent like water due to the solventsurface interaction and coordination abilities of the solvent [10] .
Nevertheless, the reused catalysts still demonstrate the better performance than the reaction with no catalyst.
Conclusions
In summary, a clean and efficient catalytic system for the conversion of xylose into furfural using bio-based heterogeneous acid catalysts in a microwave-assisted biphasic system (water / MIBK) has been developed. To obtain the high yield, various 
